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The decay of an isomeric state in the neutron-rich nucleus 129Cd has been observed via the detection 
of internal conversion and Compton electrons providing ﬁrst experimental information on excited states 
in this nucleus. The isomer was populated in the projectile ﬁssion of a 238U beam at the Radioactive 
Isotope Beam Factory at RIKEN. From the measured yields of γ -rays and internal conversion electrons, 
a multipolarity of E3 was tentatively assigned to the isomeric transition. A half-life of T1/2 = 3.6(2) ms
was determined for the new state which was assigned a spin of (21/2+), based on a comparison to shell 
model calculations performed using state-of-the-art realistic effective interactions.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/3.0/). Funded by SCOAP3.The spectroscopy of isomeric states near nuclear shell closures 
provides a very sensitive tool to study the evolution of single-
particle levels. In the region around double-magic 132Sn one of the 
most important topics is the evolution of the N = 82 shell gap 
below 132Sn towards 122Zr, which is crucial also for nuclear as-
trophysics and in particular the description of the rapid-neutron 
capture process. This evolution depends in part on the behavior 
of the neutron 0h11/2 orbital which for Z < 50 is located directly 
below the N = 82 gap. The question is how the energy of this or-
bital varies when protons are successively removed from the 0g9/2, 
1p1/2, 1p3/2, and 0 f5/2 orbitals along N = 82 towards the neutron 
drip line.
The alignment of two 0g9/2 protons or two 0h11/2 neutrons 
gives rise to the formation of isomeric states, the so-called se-
niority isomers, which are observed as 8+ states in the N = 82
isotones 130Cd and 128Pd [1,2] and 10+ states in several Sn iso-
topes [3]. Relatively pure three-quasiparticle states containing both 
0g9/2 protons and 0h11/2 neutrons are expected in the odd-proton 
nucleus 129In and the odd-neutron analog 129Cd. In 129In, a candi-
date for the 29/2+ state with fully aligned π(g−19/2)ν(h
−2
11/2) conﬁg-
uration was identiﬁed, decaying via an E3 transition of 281 keV 
with a half-life of 110(15) ms [4]. In addition, the decay of a 
17/2− isomer with T1/2 = 8.5(5) μs was reported in Ref. [5]. In 
129Cd, on the other hand, no isomeric state has been identiﬁed so 
far, actually no excited state at all is experimentally known. Mi-
crosecond isomers in this nucleus have been searched for in an 
experiment performed some years ago at GSI (Darmstadt) during 
the RISING campaign. In that experiment a large number of iso-
mers were identiﬁed in neutron-rich Ag, Cd, In and Sn isotopes 
[1,6–10], among them in 125–128Cd and 130Cd. However, although 
about 5 × 104 129Cd ions were identiﬁed, no delayed γ -rays were 
observed at that time [11]. It was the aim of the present work to 
identify for the ﬁrst time excited states in the nucleus 129Cd decay-
ing either via the emission of γ -rays or via β-decay. As a tool for 
this purpose decay spectroscopy was performed using a Si array as 
active stopper and a highly-eﬃcient γ -ray spectrometer.
The experiment was performed at the Radioactive Isotope Beam 
Factory (RIBF) of the RIKEN Nishina Center. The neutron-rich 
129Cd nuclei were produced following the projectile ﬁssion of a 
345 MeV/u 238U beam with an average intensity of about 8 pnA, 
impinging on a 3-mm thick Be target. The ions of interest were 
separated from other reaction products and identiﬁed on an ion-
by-ion basis by the BigRIPS in-ﬂight separator [12]. The particle 
identiﬁcation was performed using the E-TOF-Bρ method in 
which the energy loss (E), time of ﬂight (TOF) and magnetic 
rigidity (Bρ) are measured and used to determine the atomic 
number, Z , and the mass-to-charge ratio, A/q, of the fragments. 
Details about the identiﬁcation procedure can be found in Ref. [13]. 
Two different settings of BigRIPS were used, one optimized for 
the maximum transmission of 136Sn and the other one tuned to predominantly transmit 128Pd. In total about 3.2 × 106 129Cd ions 
were identiﬁed, transported through the ZeroDegree spectrometer 
(ZDS) and ﬁnally implanted into the WAS3ABi (Wide-range Active 
Silicon Strip Stopper Array for β and ion detection) Si array po-
sitioned at the F11 focal plane of the ZDS. The WAS3ABi detector 
[14–17] consists of eight closely packed DSSSD (double-sided sili-
con strip detectors) with an area of 60 × 40 mm2, a thickness of 
1 mm and a segmentation of 40 horizontal and 60 vertical strips 
each. All decay events detected in WAS3ABi were stored and cor-
related off-line in space and time with the implanted ions. To 
detect γ radiation emitted following the decay of the implanted 
radioactive nuclei 12 large-volume Ge Cluster detectors [18] from 
the former EUROBALL spectrometer [19] were arranged in a close 
geometry around the WAS3ABi detector.
In a ﬁrst step of the analysis the spectrum of the time differ-
ence between the implantation of a 129Cd ion and a successive 
decay signal detected at the same position in the Si detectors was 
inspected. Clearly a component with a very short decay time in 
the range of a few milliseconds was observed which cannot be 
assigned to the two known β-decaying states with half-lives of 
104(6) and 242(8) ms, respectively, reported by Arndt et al. [20]. 
To uncover the origin of this new decay component we explored 
the Si energy spectra shown in Fig. 1(a) created for the ﬁrst 10 
ms and the time range 30–40 ms after an ion implantation. While 
the spectrum for the later time interval shows the smooth energy 
distribution expected for β-decay events, the spectrum for the de-
cays occurring during the ﬁrst few ms after implantation clearly 
exhibits peak-like structures at energies of about 340 and 390 keV. 
In addition a closer inspection also reveals an excess of intensity in 
the region below 250 keV in this spectrum. Requiring that energy 
was deposited exclusively in the Si detector in which the ion was 
implanted, see Fig. 1(b), the continuous contribution to the en-
ergy distribution is strongly reduced and it becomes evident that 
predominantly particles with energies below 430 keV are emitted 
in the fast decay component. Another important observation from 
Fig. 1 is that the strong peak at around 340 keV seems to have a 
doublet structure.
The spectra of γ -rays emitted in prompt coincidence with par-
ticles with energies in the two ranges 295–430 keV respectively 
< 250 keV are shown in Fig. 2(a) and (b). Only those decay events, 
in which energy was deposited exclusively in the same Si detec-
tor as that in which the ion was implanted (same condition as 
in Fig. 1(b)), were considered. To remove the contributions from 
β-decay events, the γ -ray spectra obtained in the time interval 
30–40 ms after the implantation were subtracted from the ones 
created for the ﬁrst 10 ms. Four lines at energies of 353, 406, 1181, 
and 1587 keV are visible in both spectra. However, the intensity ra-
tio between the 353 and 406 keV lines is clearly different. While 
they are observed with similar intensity in coincidence with par-
ticles in the energy range below 250 keV, compare Fig. 1(b), the 
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after the implantation of a 129Cd ion (thick lines) and in the range 30–40 ms after 
implantation (thin lines): a) without additional condition and b) considering only 
those decay events in which energy was deposited exclusively in the Si detector in 
which the ion was implanted.
Fig. 2. Two γ -ray spectra in prompt coincidence with a decay event registered in 
the ﬁrst 10 ms after an implantation for a) the particle energy range 295–430 keV 
corresponding to internal conversion electrons and b) the particle energy range 
< 250 keV corresponding to Compton electrons.
353 keV line is strongly suppressed in comparison to the 406 keV 
line when gating on the two peaks at around 340 and 390 keV, 
compare Fig. 1(a). This observation suggests that the energy re-
gion below 250 keV corresponds to Compton electrons while the 
broad peaks at higher energies are produced by internal conver-
sion electrons emitted in the 353 keV and, to a lesser extent, 
406 keV transitions. The half-life of the short-lived decay compo-
nent was obtained from the summed time difference distribution 
(tdecay − tion) of the 406 and 1181 keV γ -rays, resulting in a value 
of T1/2 = 3.6(2) ms.
To summarize, the experimental observations indicate the ex-
istence of a new isomeric state in 129Cd with a half-life in the 
millisecond range which decays via the emission of the four γ
rays listed above, the ﬁrst two of them being partially converted. 
It is then either these internal conversion electrons which deposit 
energy in the Si detectors and thus lead to the registration of a 
decay event or electrons originating from the Compton scattering 
of these γ rays in the Si detector. From the intensities of the 353 
and 406 keV lines in the spectrum shown in Fig. 2(a) it can be 
deduced that the internal conversion coeﬃcient of the 353 keV Fig. 3. Proposed decay scheme of the new isomeric state in 129Cd in comparison to 
shell model calculations (see text for details).
transition is larger by a factor of about six as compared to that 
of the 406 keV transition. The coincidence relations between the 
four observed γ -rays suggest a decay scheme as shown in Fig. 3
with the 406–1181 keV cascade in parallel to the 1587 keV transi-
tion. Note that the order within the cascade cannot be ﬁxed solely 
on the basis of the available experimental information. Consid-
ering the factor six difference in internal conversion coeﬃcients 
between the 353 and 406 keV transitions the most probable mul-
tipolarity assignments are M2 (α = 0.0626) or E3 (α = 0.0665) 
for the 353 keV and M1 (α = 0.0111) or E2 (α = 0.0124) for the 
406 keV transition (all internal conversion coeﬃcients were cal-
culated with the aid of Ref. [21]). A higher multipolarity of the 
353 keV transition would imply an unreasonably high multipo-
larity of the 406 keV transition considering the existence of the 
parallel decay branch.
To prove this scenario Monte Carlo simulations were performed 
using the Geant4 package [22]. The stack of Si detectors as well 
as the Ge array have been included in the geometry and events 
were generated according to the decay scheme shown in Fig. 3. 
Fig. 4 shows a comparison between the simulated and experimen-
tal spectra corresponding to the energy deposited in the Si detector 
in coincidence with the 406, 1181, and 353 keV γ -rays detected in 
the Ge array. In the simulations an energy resolution of 20–25 keV 
was assumed for the Si detectors in the relevant energy range. 
Although the statistics are limited an overall good agreement is 
found over the full energy range including the Compton part. Fur-
thermore the simulations allow us to disclose the origin of the 
double-peak structure already observed in the Si energy projec-
tions shown in Fig. 1. In Fig. 4(a) simulated energy distributions 
without smearing are included considering either only the internal 
conversion electrons or including in addition also the subsequently 
emitted X-rays. In the ﬁrst case the K and L (and higher) internal 
conversion electrons are visible with an intensity ratio of roughly 
4:1 as expected. In the second the partial summing of electron and 
X-ray energies gives rise to a shift of the peaks and also to a re-
distribution of the intensity which ﬁnally leads to the observed 
double-peak structure. Note that the Kα X-ray has an energy of 
about 23 keV and therefore a considerable probability to escape 
the Si layer.
We would like to point out that to our knowledge this is the 
ﬁrst unambiguous case of the establishment of an isomeric decay 
in the millisecond range on the basis of the detection of internal 
conversion and Compton electrons in an active stopper.
The observed decay sequence is compared to shell model calcu-
lations (SM) in Fig. 3. These calculations employ a two-body effec-
tive interaction derived from the CD-Bonn nucleon–nucleon poten-
tial renormalized by way of the Vlow-k approach [23]. Speciﬁcally, 
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in the ﬁrst 10 ms after an implantation in coincidence with a) the 406 keV, b) the 
1181 keV and c) the 353 keV γ -ray detected in the EURICA array. The experimental 
spectra are shown as black lines (with the uncertainty given as grey areas) while 
the results of Monte Carlo simulations are shown as red lines (see text for details). 
In part (a) the simulated spectra are shown before folding in the detector response 
considering only internal conversion electrons (blue line) or in addition also succes-
sive X-ray cascades (green line). The latter two spectra are shown with an offset to 
provide a better legibility of the ﬁgure.
the interaction is constructed by assuming 132Sn as closed core and 
considering the full N = 50–82 major shell for neutrons (i.e. the 
0g7/2, 1d5/2, 1d3/2, 2s1/2 and 0h11/2 orbitals) and the Z = 28–50
shell for protons (i.e. the 0 f5/2, 1p3/2, 1p1/2 and 0g9/2 orbits). 
The neutron single-particle energies were taken from Ref. [24], 
while for the protons energies of 0.365 (1p1/2) and 1.353 MeV 
(1p3/2) relative to the 0g9/2 orbital as reported from very recent 
mass measurements and decay spectroscopy, respectively, were 
employed [25,26]. For the experimentally still unknown energy of 
the 0 f5/2 proton orbital a value of 2.6 MeV relative to 0g9/2 was 
adopted to be consistent with the shell model calculations pre-
sented in Ref. [26] in which further details on the interaction are 
given. Besides a reduction of the ππ pairing to 88% the modi-
ﬁcations comprised an increase of the νν and πν multipoles by 
factors of 1.6 and 1.5 in the dominant conﬁgurations νh211/2 and 
νh11/2π g9/2. As the largest multipole part is quadrupole this in-
creases L = 2 collectivity. The modiﬁed interaction yields a good 
description of the 125–130Sn isotopes as compiled in Ref. [27] and 
recent experimental data in 127, 128, 130Cd [8,7,1] and 126, 128Pd [2]. 
Effective charges eπ = 1.5e, eν = 0.7e for E2 and E3 and effective 
spin g-factors gs = 0.7gfrees for M1 transitions were used. Calcula-
tions were performed with the code OXBASH [28].
The shell model calculations predict the existence of two iso-
meric states in 129Cd, a 27/2− level at an excitation energy of 
1695 keV and a 21/2+ state about 100 keV higher at 1806 keV. 
The ﬁrst is an E6 spin trap corresponding to the fully aligned cou-
pling between two 0g9/2 proton and one 0h11/2 neutron holes and 
is expected to undergo β-decay. The 21/2+ state, on the other 
hand, involves a proton hole in a negative parity orbital and is 
predicted to decay via an E3 transition to the 15/2− level. Also 
indicated in Fig. 3 is the position of low-spin positive-parity states 
which correspond to neutron single-hole states as well as a num-ber of closely lying levels above the 21/2+ state with spins in 
the range 17/2–23/2 and both positive as well as negative parity. 
Note that none of these states is expected to be isomeric. Based 
on the comparison to the SM calculations shown in Fig. 3 we ten-
tatively assign spin and parity of (21/2+) to the experimentally 
observed millisecond isomer. It decays via an E3 transition to the 
(15/2−) state and from there via two parallel branches down to 
the (11/2−) level which the SM calculation proposes to be the 
ground state, 287 keV below the beta-decaying 3/2+ state.
The electromagnetic transition strength of the (21/2+) →
(15/2−) E3 transition depends sensitively on the position of the 
1p3/2 proton orbital relative to that of the 1p1/2 state. In con-
trast the dependence on the exact π0 f5/2 position is weak due 
to the small, since non-stretched, f5/2 → g9/2 reduced E3 ma-
trix element. While the ﬁnal state is built of the ν(h−111/2)π(g
−2
9/2)
conﬁguration (corresponding to the coupling of the h11/2 neu-
tron hole to the (2–8)+ states in 130Cd), the positive parity of 
the initial state necessarily requires the involvement of a pro-
ton in one of the negative parity orbitals, namely 1p1/2, 1p3/2 or 
0 f5/2. Since the main partition of the wave function of the (21/2+) 
state, ν(h−111/2)π(g
−1
9/2p
−1
1/2), cannot contribute to the E3 decay to 
the ν(h−111/2)π(g
−2
9/2) state this transition only occurs due to the 
admixtures of the ν(h−111/2)π(g
−1
9/2p
−1
3/2) and ν(h
−1
11/2)π(g
−1
9/2 f
−1
5/2)
conﬁgurations to the wave function. The amount of these ad-
mixtures, on the other hand, depends in part on the differences 
between the proton single-particle energies.
The experimentally determined half-life of the (21/2+) state, 
T1/2 = 3.6(2) ms, implies a reduced transition strength of B(E3) =
0.50(3) W.u. for the E3 transition to the (15/2−) level. This value 
can be compared to the one obtained from the shell-model cal-
culation which however does not only depend on the wave func-
tions of both the initial and ﬁnal state but also on the effective 
charges assumed for this transition. Unfortunately the latter are 
poorly known since only a few E3 transitions are known in this 
region and furthermore most of them are very weak and there-
fore not well suited to constrain the effective charges. Assuming 
the values listed above the SM calculation results in a strength 
of B(E3) = 0.48 W.u., in perfect agreement with the experimen-
tal result. As mentioned above in the present work the new 1p3/2
energy established in recent experimental work [26] has been em-
ployed. To demonstrate the sensitivity of the B(E3) strength to this 
value, we repeated the calculation adopting the single-particle en-
ergies suggested in Ref. [29]. In that work a signiﬁcantly higher 
value of 1.65 MeV relative to the 0g9/2 orbit was proposed for the 
1p3/2 orbit, while an energy of 2.75 MeV was listed for the 1 f5/2
state. This implies a larger spin-orbit splitting of the 1p orbital of 
1.28 MeV as compared to 0.99 MeV from Ref. [26] adopted in the 
present work. The use of these single-particle energies leads to a 
value of B(E3) = 0.31 W.u. for the 21/2+ → 15/2− transition, in 
conﬂict with the experimental result.
While the dependence of the E3 strength on the single-particle 
energies is evident, the current ambiguity in the choice of the 
effective charges unfortunately prevents us from using this depen-
dence to constrain the still unknown energy of the fourth proton 
state below 132Sn, namely 1 f5/2. Note, however, that once this en-
ergy will become available in the future, the strong E3 transition 
in 129Cd will constitute a very sensitive case to ﬁx the effective 
charges in this model space.
To further validate the SM calculations we consider for compar-
ison the strongly hindered 19/2+ → 13/2− E3 transition in 127Cd 
whose transition probability, B(E3) = 0.0340(18) W.u., was mea-
sured in Ref. [8]. The hindrance of this transition is reproduced in 
the present SM approach and its origin is traced back to the differ-
ing structure of the 19/2+ and 13/2− vs. 21/2+ and 15/2− wave 
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Experimental and calculated (SM) B(E3) values in W.u. for transitions in 127Cd, 129Cd, and 130Cd which are driven by the p−13/2 → g−19/2 proton single-particle transition.
Iπ1 → Iπf 127Cd 129Cd 130Cd
exp. SM exp. SM Iπ1 → Iπf SM
17/2+ → 11/2− – 1.05 – 1.31 3− → 0+ 2.55
19/2+ → 13/2− 0.034(2)a 0.0048 – 0.030 4− → 2+ 0.0013
21/2+ → 15/2− – 0.80 0.50(3) 0.47 5− → 2+ 0.27
23/2+ → 17/2− – 0.065 – 0.026 6− → 4+ 0.092
a From Ref. [8].functions involved. Note that the strength of the corresponding, 
not yet observed, 19/2+ → 13/2− transition in 129Cd is calculated 
as B(E3) = 0.030 W.u., i.e. with comparable hindrance. The 21/2+
and 15/2− states may be considered as stretched couplings be-
tween an h11/2 neutron hole and the 5− respectively 2+ odd- and 
even-parity proton yrast states in 130Cd. This enables a stretched 
5− → 2+ E3 transition by virtue of a 4.5% π g−19/2p−13/2 partition 
in the Iπ = 5− wave function. In contrast the 19/2+ and 13/2−
states are non-stretched couplings in the proton core states with 
additionally a dominating 130Cd; 4− conﬁguration in the 19/2+
state. This Iπ = 4− level, in contrast to the Iπ = 5− state, car-
ries less than 0.5% of the π g−19/2p
−1
3/2 partition. This along with the 
non-stretched angular momentum recoupling accounts for the re-
duction of the 19/2+ → 13/2− strength by more than one order 
of magnitude as compared to the 21/2+ → 15/2− transition. This 
scenario is not reproduced with the original non-modiﬁed inter-
action, which yields E3 strengths of 0.32 W.u. and 0.84 W.u. for 
the 19/2+ → 13/2− transition in 127Cd and the 21/2+ → 15/2−
transition in 129Cd, respectively. Thus the results of this discus-
sion as summarized in Table 1 clearly corroborate the applied 
multipole modiﬁcation of the πν interaction. Note that the stag-
gering of the stretched E3 strengths with spin corroborates the 
spin-parity assignment for the isomer. The contribution of the 
π f −15/2 → g−19/2 transition to the E3 is negligible as the correspond-
ing non-stretched single-particle transition is reduced by an order 
of magnitude in comparison to the π p−13/2 → g−19/2 transition. The 
scenario basically persists if two more neutrons are removed in 
127Cd. Closing this discussion it is worth mentioning that the ob-
served M1/E2 branching ratio for the decay of the 15/2− state in 
129Cd, I(406 keV) : I(1587 keV) ≈ 3 : 1, is well accounted for by the 
SM result of 2:1 with the present choice of interaction and effec-
tive operators as listed above.
To conclude we reported on the identiﬁcation of an isomeric 
state with a half-life of T1/2 = 3.6(2) ms in the nucleus 129Cd, de-
caying via the emission of a γ -ray with multipolarity E3. We thus 
provided the ﬁrst experimental information with respect to excited 
states in this nucleus. The decay was identiﬁed via the detection 
of internal conversion as well as Compton electrons in an active 
stopper. To our knowledge this is the ﬁrst time that a γ -decaying 
millisecond isomer was established in this way. Based on the com-
parison to state-of-the-art shell model calculations we tentatively 
assigned spin/parity of 21/2+ to this state. The discussion of the 
systematic of E3 strengths with respect to the intrinsic structure of 
the wave functions clearly justiﬁes the πν multipole modiﬁcation 
applied for level scheme energetics.Acknowledgements
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